We made several statistical analyses in a large sample of nearly 4,000 helices (from 546 redundancy-controlled PDB protein subunits), which give new insights into the helical properties of globular proteins. In a first experiment, the amino acid composition of the whole sample was compared with the composition of two helical sample subgroups (the "mainly-a" and the " ( a / p )~ barrel" domain classes); we reached the conclusion that composition-based helical propensities for secondary structure prediction do not depend on the structural class.
Since Chou and Fasman's pioneering work (Chou & Fasman, 1974) , it has been accepted that the bulk of consecutive amino acid residues within a polypeptide sequence, with a high average intrinsic propensity, defines the nucleus of secondary structure segments in a protein (a-helices, @strands, and reverse turns). Under this assumption, a number of secondary structure predictive procedures, based on sets of propensities, have been worked out, all of which are merely refinements of the Chou and Fasman (1974) initial method. The secondary structure still cannot be accurately predicted because a number of factors derived from short-and mediumrange interactions among neighboring residues and between residues and the solvent are not well understood, and therefore, they are not considered within the algorithms that are presently used for structural predictions. Reprint requests to: Jaume Palau, Unitat de Biotecnologia Computacional, Departament de Bioquimica i Biotecnologia, Universitat Rovira i Virgili, Tarragona 43005, Catalonia, Spain; e-mail: palau@quimica.urv.es Lotan et al. (1966) discovered the effect of hydrophobic sidechain interactions on stabilizing the a-helix. In addition, stereochemical approaches by Schiffer and Edmundson (1967) shed light on the architecture of a-helices, in the sense that polypeptide segments, when in helical conformation, tend to segregate hydrophobic and hydrophilic residues. Palau and Puigdomenech (1 974) and Lim (1974a) found an accumulation of hydrophobic triplets at positions 1-2-5 and 1-4-5, which helped to stabilize a-helices. In a further contribution, Palau et al. (1982) extended the analysis of hydrophobic triplets at positions 1-2-5 and 1-4-5 in a-helices to the four main classes of protein domains (mainly alpha, mainly beta, alternating alpha/beta, and alpha + beta); from the Palau et al. (1982) results, it can be concluded that the 1-2-5 and 1-4-5 hydrophobic clustering in helices is a universal feature found in proteins, whatever their architecture may be. More recently, a number of authors have focused their attention on hydrophobic clustering in helices (Muiioz & Serrano, 1994; Padmanabhan & Baldwin, 1994a , 1994b Creamer & Rose, 1995) . Creamer and Rose (1995) studied stabilizing interactions by leucine triplets at various spac-ings on a polyalanyl a-helix model; they found that in some triplets, the free energy of interaction is greater than the painvise sums, because of an improvement in side-chain contacts.
In earlier reports, the characteristic distribution of hydrophobic and hydrophilic residues in different secondary structure segments was the basis on which methods for predicting secondary structure were tested (Lim, 1974b; Cid et al., 1982) . More recently, the effect on helix formation of patterns of hydrophobic and nonhydrophobic side chains in protein sequences has been studied in different ways (Torgerson et al., 1991; Kamtekar et al., 1993; Vazquez et al., 1993a; 1993b; West & Hecht, 1995; Xiong et al., 1995) . Torgerson et al. (1991) predicted quadrant orientations of amino acids in most a-helices, and reported that the templatepredicted configurations closely match crystallographic data on a-helices. Vazquez et al. (199%) reported the presence of favored or suppressed side-chain patterns within protein sequences in relation with a-helices and &strands and also developed an a-helix predictor (Vazquez et al., 1993a) . which was based on the identification of a longitudinal, hydrophobic strip-of-helix pattern. Kamtekar et al. (1993) described a successful general strategy for the de novo design of proteins based on sequence locations of hydrophobic and hydrophilic residues which caused polypeptide chains to collapse into globular a-helical folds. West and Hecht ( 1 995) studied the binary patterning of polar and nonpolar amino acids, in order to get a better understanding of the design of new proteins, and Xiong et al. (1993, from the same research group, concluded that the major determinant for self-assembling oligomeric peptides is the polar/nonpolar periodicity throughout their amino acid sequence. Finally, recent papers focus on the use of amino acid patterns (Zhu & Blundell, 1996) , or of binary word encoding (Kawabata & Doi, 1997) to improve protein secondary structure predictions.
As recently suggested by Kawabata and Doi (1997) , it seems desirable to carry out statistical studies to obtain multiresidue information (i.e., information that depends on more than one residue). The main purpose of this information is to find out combinatorial features such as periodicity, residue pair interaction, and residue triplet interaction, as well as other undefined knowledgebased properties. This paper gives a comprehensive picture of triplet interactions within an a-helical pentapeptide, whatever the chemical characteristics of the amino acid residues may be. Statistically significant data about higher order polar/nonpolar binary patterns (in octapeptides and nonapeptides) are also provided. For this purpose, we imported a large database of nearly 4,000 helices present in 546 redundancy-controlled protein subunits from the Brookhaven PDB (Bernstein et a!., 1977) . and we grouped amino acid residues according to a number of chemical characteristics. Our results are important for a better understanding of side-chain relationships within an a-helix, and they lead to important rules concerning the stabilizing groupings that may be used to model a-helices.
Results

General and positional propensities of residues within an amino acid sequence mav merelv define (with uncertainties) the existence of an a-helix and some of its properties
We analyzed the amino acid composition of the whole a-helical sample (43,607 amino acid residues), as well as two subsamples formed by a-helices in the two domain groups of "mainly-alpha" 1369 and of "alternating alpha/beta (TIM barrels)." We used a simple program written in Fortran 77 (PERCENT). The results, shown in Figure I , indicate that helical samples, if large enough, have an amino acid composition that does not vary much with the folding type of proteins. Our observation is coherent with evidence showing that the bulk of consecutive helical amino acid residues is responsible for the nucleation of helices (Chou & Fasman, 1974) .
We also calculated the five positional amino acid compositions (grouped as indicated in the Rationale section) for the 28,448 pentapeptide windows, which slide across 3,863 a-helical segments. Although the set of consecutive pentapeptide windows overlap (which in principle should have a randomizing effect on the positional amino acid compositions, which, in turn, should make each of these compositions more similar to the composition of the whole sample), nonrandom overall tendencies can be seen, as is shown in Figure 2 . In Figure 2A . GI (positively charged residues) and G2 (negatively charged residues) percentages increase and decrease, respectively, from position 1 to position 5; in Figure 2B , the uncharged polar G3 and G4 groups prefer outside positions within the window; and in Figure 2C , G5 (aliphatic residues) and G6 (aromatic residues) prefer internal positions. Figure 3 shows a complete set of patterns for combined charged residues. Figure 3A (or Fig. 3B ) reveals that any triplet formed by three positively (or three negatively) charged residues remain below the mean value. These results indicate that such triplets are suppressed patterns, i.e., very uncommon within a-helices. However, Figure 3C shows that combinations of GI and G2 (charged groups, formally represented by C) increase enormously for the patterns CC. .C and C..CC. Of these patterns, 22.. 1 (i.e., --. . +) and 2.. 1 I (Le., -.. ++) are the most common ones ( Fig. 3D .E). . DD and all the other patterns, the former being by far the most populated within the sample ( Fig. 4C ) and the pattern 34..4 being the most frequent (cf. Fig. 4D,E) . Figure 4F -I shows triplet combinations of polar residues (P), which are made up simultaneously of C (1 or 2 charged ones) and D (1 or 2 dipolar ones). In general, all combinations are poorly represented in helices in comparison to the expected values. Two exceptions are worth mentioning: P.. PP in Figure 4F (which contains elements from GI and (33); and PP. .P shows that the patterns PP. .P and P. .PP (which contains elements from GI/G2/G3/G4) are more represented than the other patterns As shown in Figure 5 , our statistical analysis in a very extensive sample of proteins validates and extends earlier results on stabi-
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lizing hydrophobic triplets using only a reduced number of proteins (Palau & Puigdomenech, 1974; Palau et al., 1982) . 
Octapeptide and nonapeptide groupings of hydrophilic and hydrophobic residues within a-helices reveal permissive and nonpennissive patterns
We define "helical double-arc pattern" as a concept that describes a helical multiresidue arrangement, which is antithetical in nature (i.e., residues of the same character are in the same half of the helix). Octapeptide and nonapeptide helices have 8 and 18 different double-arc patterns, respectively. None of the schematic arrangements are identical because the number of residues per turn of an a-helix is not an integer, but 3.6. It is interesting to note that a Schiffer and Edmundson (1967) helical wheel is made up of a combination of double-arc patterns. The question is whether all patterns can be used to make a helical wheel. Our very extensive set of protein a-helices from PDB enables us to give a statistical answer to such an open question. Figure 6A shows four octapeptide patterns. Depending on the nature of the residue, either polar (P) or hydrophobic (H), for a given color (white or grey), there may be eight different helical double-arc patterns. Figures 6B and 6C show the statistics for the presence of these eight patterns within the whole sample of helices. In all cases, the positive deviations are highly significant. As Figure 7 shows, the helical double-arc octapeptide patterns are also favorable if instead of a P residue there is a C residue (Fig. 7A) , and instead of an H residue there is a G5 residue ( Fig. 7B) . Exception appears to be the CC55C55C pattern, which is not significantly different from the theoretical mean. Many other tested combinations of eight consecutive residues with patterns that are different from helical double-arc patterns have negative deviations (results not shown).
The upper part of Figure 8A shows nine nonapeptide patterns. By proceeding in the same way as for octapeptides, we can see that there are 18 different helical double-arc patterns. combinations of GI and G2. Continuous lines show the statistical probability (mean value) of finding a given triplet, whereas the two kinds of broken lines "dense and spaced" indicate standard deviation thresholds of 2u and 3u, respectively. Equivalents patterns are represented by the same symbol: 1-2-3,2-3-4, and 3-4-5 by W; 1-2-4 and 2-3-5 by +; 1-3-4 and 2-4-5 by A. For the rest of the patterns, 1-2-5, 1-4-5, and 1-3-5 by 0.
tide patterns, when H and P residues are combined, all the statistical deviations are positive and highly significant ( Fig. 8B,C) . However, Figure 9 shows that combinations of H and C residues are the most plentiful. Exceptions appear to be the HHCCHCCCH and CCHHCHHCC patterns, although in these cases, the experimental statistical values are not very significant. As in the case of octapeptides, tested combinations of nine consecutive residues with patterns that are different from helical double-arc patterns have negative deviations (results not shown).
Discussion
Our analysis of the amino acid composition for a large sample of @-helices, not only for the undifferentiated whole sample, but also for the "mainly-alpha" and "alternating alpha/beta (TIM barrels)" samples, provides solid evidence against any definition of specific propensities related to domain classes, as has been proposed in the past Chou, 1989) . Since the Chou and Fasman (1974) method has a success rate of approximately 50% (in general) or higher (in "mainly-alpha" domains), there is no doubt that the method is useful for predicting the helical nucleation of mostalthough not all-sequence segments. However, other predictive methods can give greater accuracy in correctly predicting Nand C-terminal residues or in relation with definite pattern enchainments. Argos and compiled distributions of each amino acid at given positions within and around a-helical secondary structures, including the N-and C-terminal positions; Richardson and Richardson (1988) also studied amino acid preferences for specific .
.~ Fig. 4 . Hydrophilic triplet frequencies found in cy-helical regions from different groupings (second set). A: G3 (Asn and Gln). B: G4
(Ser and Thr). C: G3 + G4. D: Specific 1-2-5 subpatterns for all combinations of G3 and G4. E: Specific 1-4-5 subpatterns for all combinations of G3 and G4. F: GI + G3 (Arg, Lys, Asn, and Gln). G: GI + G4 (Arg, Lys, Ser, and Thr). H: G2 + G3 (Asp, Glu, Asn, and Gln). I: G2 + G4 (Asp, Glu, Ser, and Thr). J: GI + G2 + G3 + G4. Continuous lines show the statistical probability (mean value) of finding a given triplet, whereas the two kinds of broken lines "dense and spaced" indicate standard deviation thresholds of 2 a and 3cr, respectively. Equivalents patterns are represented by the same symbol: 1-2-3, 2-3-4, and 3-4-5 by B; 1-2-4 and 2-3-5 by +; 1-3-4 and 2-4-5 by A. For the rest of the patterns, 1-2-5, 1-4-5, and 1-3-5 by 0 . For the rest of the patterns. 1-2-5, 1-4-5. and 1-3-5 by 0 .
locations at the ends of a-helices in a subsequent data sample, and they found trends that were similar to those reported by Argos and . Our results on the positioning of amino acid distributions (Fig. 2) confirm that negatively and positively charged residues tend to accumulate inside the a-helix near the N-and C-cap residues, respectively, and they describe earlier results by Argos and . Such nonsymmetrical distribution of charged residues would help to neutralize the effect of the helical macrodipole. Robinson and Sligar (1993) adjacent anti-parallel a-helices, which simulate an anti-parallel pair; this system was the first experimental evidence for electrostatic interactions, such as those between partial charges, due to helix macrodipole charges. In addition to this previously observed effect (i.e., the existence of an accumulation of charges at the ends of helices), our results from a large sample of helices demonstrate that there is also an accumulation of charged pentapeptide segments, a large number of which are oriented in the form of microdipoles-oriented from negative to positive, throughout the length of the helix. To our knowledge, this is the first report on the existence of such microdipoles counterbalancing the action of the helical macrodipole. Other tendencies shown in Figure 2 , such as the preferential positioning of dipolar residues at the ends of pentapeptides and of Figure 6 . A: C is G1 + G2 and H is G5 + G6. B: C is G1 + G2, and 5 is G5.
hydrophobic residues in the middle, suggest that it would be appropriate to define propensities related to positions within and surrounding the a-helix (Chakrabartty et al., 1993; Doig & Baldwin, 1995) . However, the fact that 310-helices are frequently located at both ends of a-helices, that there are numerous frayed ends on both sides and distortions in the middle of a-helices (Chakrabartty & Baldwin, 1995), and that the a-helices and 310-helices may undergo conformational transitions (Smythe et al., 1995) make those propensity measurements, which are to determine the limits of a-helices, very uncertain. Our studies also give valuable clues about pattern distributions in pentapeptides (see Figs. 3, 4) . In this respect, the following rules are formulated about polar residues (which we have called P rules):
(1) triplet patterns formed exclusively of acid or basic residues are poorly represented; (2) however, if positive (Gl) and negative ((32) residues are combined, charged triplets of the type CC . . C and C . . CC (but not the others) are much favored; (3) the 22.. 1 triplet withaCC..Cpattern,aswellasthe2..11 withC..CCpatternare the most frequent, which agrees with the hypothesis that the helical macrodipole is neutralized inside the helices, as discussed above; (4) triplet patterns formed exclusively of amide or hydroxylic residues are also poorly represented; (5) patterns DD..D and D..DD, formed by combining amide and hydroxylic residues (D), are the most common ones; and (6) polar patterns PP.. P and P.. PP, which are formed of a combination of acid, basic, amide and hydroxylic residues, are highly represented.
The following hydrophobic rules (H rules) are also derived from our results (see Fig. 5 ). (1) The hydrophobic triplet distribution is greatly enhanced for HH . . H and for H . . HH. This validates earlier results, which were obtained with fewer samples of proteins (Palau & Puigdomenech, 1974; Palau et al., 1982) ; (2) triplets, which are formed exclusively of aliphatic residues (G5), are greatly favored, not only for 55. .5 and 5. .55, but also for 5.55 ., .5.55, .55.5, and . .555; (3) triplets formed exclusively of aromatic residues (G6) are scarce, and statistical enhancement is only observed for 66. .6; and (4) no particular combination of aliphatic and aromatic residues enhance values found for HH. .H and for H. .HH (results not shown).
In principle, the enhanced triplets 5. 55 ., .5.55, .55.5, and . ,555 (and also .H. HH) were unexpected. However, there are two type of patterns: those combining positions 1-2-5 and 1-4-5, and those combining hydrophobic groups at different relative positions. In the latter case, one should expect these helices to be located in the interior of the protein tertiary structure, sandwiched in between other structures. As the PDB collection of protein structures increases, the existence of sandwiched helices is becoming more apparent [one recent example is the helices H4-5 and H8 in the ligand-binding domain of three different nuclear receptors (Wurtz et al., 1996) l.
From our studies, it is evident that there is a hydrophilic/ hydrophobic binary patterning. In accordance with other recent studies (Vazquez et al., 1993b; West & Hecht, 1995; Xiong et al., 1995) , we define for the first time, two sets of statistical rules (P and H) that enable the hydrophilic and hydrophobic residues to be assembled in an ordered way. There are some exceptions to the P and H rules in proteins from living cells, but the "failing-rule" patterns are not common and may be explained of some folded domains and/or to certain medium-and long-range interactions within the protein scaffold.
In order to get greater insight into the reasons for the existence of binary patterning, we carried out statistical calculations on patterns formed of eight and nine residues (see Figs. 6-9); these patterns correspond to a segment of helix in between two and three turns. In both cases (see Figs. 6, 8) all possible combinations of polar and hydrophobic residues in the style of a Schiffer and Edmundson (1967) helical wheel are statistically favored at a very high level. Eight-or nine-residue constructs other than those corresponding to Schiffer and Edmundson (1967) helical wheels are poorly represented within the sample (results not shown).
We observed similar, but not identical, patterns when studying the different helical wheels and the relative distribution of hydrophilic and hydrophobic residues. This should be taken into account for design purposes. The P and H rules can be of great help in the design of a polypeptide chain that, in principle, should acquire an a-helix as secondary structure. However, there is no doubt that other more refined or specific rules may be formulated in the future when medium-and long-range interactions may be able to be considered. This is the aim of some of the work that is being carried out at present in our laboratory. However, the statistical scaling up of the triplet analysis presented in this paper, using differentiated amino acid residues, must still wait for some time. In addition, the binary patterning of octa-and nona-peptides are on the limits of statistical validation when only polar and nonpolar residues are used. Protein science is, in most cases, a knowledgebased science; therefore, we have to wait for a drastic expansion of the Brookhaven PDB before we can study patterns based only on single amino acid residues. ...................................................... Fig. 9. A and B: Statistical frequencies for the two sets of nonapeptide patterns presented in Figure 8 . In both cases, C is GI + G2 and H is G5 + G6.
By inspecting constructs of polar and hydrophobic residues (see the schemes in Figs. 6, 8) , the following charged subpatterns become apparent: (1) two single polar residues separated by two or three hydrophobic residues; (2) two pairs of joined polar residues separated by one or two hydrophobic residues; (3) one single polar residue and one pair of joined polar residues separated by two hydrophobic residues; and (4) one pair of joined polar residues and one single polar residue separated by two hydrophobic residues. Some of these patterns cover pentapeptide subpatterns that follow the rules P(2) (i.e., favored combined charged triplets are of the CC..C and C..CC types) and P(3) (i.e., the most frequent charged triplets belong to the 22.. 1 and 2.. 11 types), as defined above.
Obviously, doublets of the type C.. .C and .C..C are found not only in (l), but also in (2), (3), and (4). The statistical abundance of C.. . C and .C.. C within the octapeptides and nonapeptide constructs is the result of a linear combination of all four types of subpatterns. In the present work on charged triplets, we reveal the presence in helices of complex patterns which appear to have a physical meaning (Le., counterbalancing the macrodipole, as oriented doublets of the type -... + and . -.. + may do, as well).
An interesting question arises when asking why --. . + and -. . + + are statistically more frequent than other mixed charged triplets (those CC . . C and C . . CC triplets that cover all the variants formed by either two negative charges and one positive charge, or one negative charge and two positive charges, and in both cases are ordered from negative to positive). Although at present the scarcity of the PDB sample may make statistical calculations difficult, we have performed a preliminary work (J.A. Negrete & J. Palau, unpubl. obs.) that suggests that our results on triplets are coherent even at the level of individual charged residues: (1) DD.. K, EE.. K, ED..K,EE..R,DE..R,ED..R,D..KK.,D..RR,D..KR,E..KK. , The main conclusion is, therefore, that the supremacy of -. . + + and --. . + patterns is not merely the result of combining a large number of charged and uncharged residues, but a general property for all 16 types of -. . + + and --. . + triplets.
A preliminary analysis (J.A. Negrete & J. Palau, unpubl. obs.) shows that around 20% of the -. . + + and --. . + triplet-containing patterns are included in constructs of the type [D,E][D,E].
[K,R][K,R], which fulfill the requirements of Schiffer and Edmundson helical arcs that cover type 2 groupings (see two paragraphs above). About 80% of the -. . + + and --.. + triplet containing patterns are found to be isolated. Our analysis also shows that the abundance of patterns -. . + + and --. . + in our sample of helical segments is 4.2% and 4.8%, respectively. Considering some overlapping of both patterns (at least 20%) for a given helix, an estimation of the percentage of helices within the sample that contain triplets of the type -. . + + and/or --. . + is around 6-7%. The first negative charge of -. . + + and --. . + triplets across the helices is estimated to be 4.9% and 11.4% at the Ncup, 21.0% and 23.9% at the N,, + 1, 14.8% and 6.0% at the Neap + 2, 4.9% and 2.7% at the Nrop + 3, and 54.3% and 56.0% at the ?Ncup + 4, respectively.
Using a current molecular visualization program (see Rationale), we inspected several -. . + + and --. . + triplet-containing patterns of some protein subunits, in an attempt to find structural facts that might afford some clues about the geometry that may govern the side-chain residue interactions. At this preliminary stage of our analysis, we can state that triads of oppositely charged groups (in our case, -. . + + or --. . +), distributed on the surface of the helical backbone, have diverse dielectric descriptions. As examples, we describe a few model schemes: (1) DE..R in helix ADELRRT (loxy%) shows a moderate neighborhood between and (with charge distribution schemes in which the two nearest opposite partial charges are located at a distance of 7.76 A), whereas GI11478 formal charges are opposite the Asp477 and residues;
(2) DD. . K in helix TEELRVRLASHLRKL RKRLRDADDLQKRLAVYQA (llpe%) shows an interdigitation of LysIs7 between Aspls3 and Aspls4 (with the nearest opposite partial charges being located at distances of 3.76 8, and 5.28 A, respectively); (3) EE. .R in helix VEEMLRSDLALELDGAKNL REAIGYADSV (1 bcfA) has a very strong interplay of two pairs of opposite partial charges between Arg,, and Glus4 (at distances of Table 1 . List of the 546 PDB codes used in our analysis"
aAll proteins were selected with a resolution of 3 A or less 2.77 8, and 2.89 A, which account for strongly coupled groups); rical clues. Our group is now engaged in the task of gaining insight etc.
into such clues by comparing local models found in PDB proteins At present, local electrostatic effects caused by charge-charge, (J.A. Negrete & J. Palau, unpubl. obs.) and using our specialized charge-solvent, and side-chain-backbone interactions are very dif-rotamer library for a-helices (G. Pujadas & J. Palau, unpubl. obs.) . ficult to describe in the form of reliable models incorporating continuum electrostatic or dielectric descriptions. From the topological point of view, the charge distribution schemes for -. . + + and --. . + triplet-containing patterns appear to be kaleidoscopic, We imported a set of 546 nonredundant protein subunits (homoland need to be studied more deeply in order to find some geomet-ogy less than 45%) from the Brookhaven PDB-Select with a res-olution of 3 A or less (ftp address: ftp.embl-heidelberg.de/pub/ databasedpdb-select). At this resolution, the secondary structure limits are well defined, and therefore, they were taken from the PDB definition, on the basis that none of them had any ambiguously defined residues such as UNK, GLX. We also checked helices in order to eliminate those with any missing residues. When necessary, the molecular visualization program RasMol vs. 2.6 (Sayle, 1996) was used to control the overall quality of helices. Since no statistical study was specifically performed on Nand C-terminal ends, fried ends were subject to no special checking. A list of PDB codes for these proteins is given in Table 1 . From this protein domain subbank, 3,863 cy-helical segments were selected on the basis that none of these segments should contain fewer than five residues (average size 11.3 residues per segment). All the possible consecutive pentapeptides (28,448 units, 43 ,607 amino acid residues) were worked out from the helical sample and processed by using the program PATTERNS written in Fortran 77. According to their physico-chemical similarities, the amino acid residues were clustered into six groups: GI (Arg and Lys, 5,418 residues); G2 (Asp and Glu, 5,980 residues); G3 (Asn and Gln, 3,707 residues); G4 (Ser and Thr, 4,154 residues); G5 (Ala, Val, Leu, Ile, and Met, 16,257 residues); G6 (Phe, Tyr, and Trp, 3,798 residues). In order to avoid statistical dispersion, the remaining miscellaneous residues, grouped as G7 (Gly, Pro, Cys, and His, 4,293 residues), were not considered in our studies. Higher order groupings (Gl/G2, 11,398 charged residues; G1/G3, 9,125 basic plus amide residues; G2/G3, 9,687 acid plus amide residues; G1/ G4,9,572 basic plus hydroxylic residues; G2/G4, 10,134 acid plus hydroxylic residues; G3/G4, 7,861 dipolar residues; Gl/G2/G3/ G4, 19,259 charged plus dipolar residues; G5/G6,20,055 aliphatic plus aromatic residues) were also studied. Although the positional amino acid composition analysis on sliding pentapeptides could also be carried out with the 20 amino acid residues, for reasons of coherence we kept the same physico-chemical groupings.
All possible triplets within a pentapeptide were considered (1and 3-4-5). Stereochemically, some patterns are equivalent (1-2-3,2-3-4, and 3-4-5; 1-2-4 and 2-3-5; 1-3-4 and 2-4-5) and should, in principle, give the same results. The three triplet residues were chosen from a single group, a combination of two groups or, in a few cases, a combination of several groups.
The theoretical probability of finding characteristic triplets in the pentapeptide sample, q, was calculated as follows: 2-3, 1-2-4, 1-2-5, 1-3-4, 1-3-5, 1-4-5,2-3-4,2-3-5,2-4-5, where NG is the total number of residues belonging to a group (or combination of groups), and NT the total number of residues in the helix database.
The experimental frequency for all the triplets was calculated by counting their occurrence within cy-helices, with a pentapeptide window moving along the 3,863 helices. A statistical test was used to study the significance of deviations of the triplet experimental frequencies with respect to the theoretical probabilities. For this purpose the normal distribution was regarded as a binomial distribution. The mean value for a given triplet and its standard deviation uG is, respectively: M = q * N, and LTG = [q(lq)N,]"* (2) where N, is the total number of pentapeptides in the helix database (28,448 units) . In a binomial distribution, experimental deviations from M of 1.645nG, 1.960nG, and 2 . 5 7 6~~ mean that they are 95.0%, 97.5%, and 99.5% certain of not being simply statistical.
If a pattern formed by two different groups is seen to be stabilizing, we analyze it to find out if the residues in each group occupy a specific place (there are six different arrangements or subpatterns in a specific pattern, formed by doing all combinations considering that one group is placed in two positions of the triplet and the other group is placed in the third position). In this analysis, we calculate the theoretical mean as a function of the number of residues of each group: if the number of residues in each group, for example a and b, is similar, the theoretical mean is calculated as the mean of all values (occurrences of the six subpatterns), and the standard deviation as the standard deviation of all these values; on the other hand, if the groups have different numbers of residues, we divide the subpatterns in two: the subpatterns formed by two a residues and one b residue, and the subpatterns formed by two b residues and one a residue. For each divided pattern, the mean and the standard deviations are calculated as has been shown above for the subpatterns with the same number of residues.
The statistical rationale for octapeptide and nonapeptide patterns was the same as the one described above for pentapeptides.
